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The growing environmental concern, associated with the continuous increase in electronic equipment
production, has induced the development of new technologies to recycle the large number of spent
batteries generated in recent years. The amount of spent lithiumeion batteries (LIBs) tends to grow over
the next years. These batteries are composed by valuable metals, such as Li, Co, Cu and Al, which can be
recovered. Thus, the present work is carried out in two main steps: In the ﬁrst step, a characterization of
the LIBs is performed. Batteries from different brands and models are dismantled and their components
characterized regarding to the chemical composition and main phases. In the second step, a sample of
LIBs is shredded and the different materials present are separated by spouted bed elutriation. The results
show that spouted bed elutriation is a simple and inexpensive way to obtain the separation of the
different materials (polymers, metals, active electrode materials) present in spent LIBs.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The consumption and production of electronic and portable
devices, associated with environmental issues, are the main gen-
erators of the use of rechargeable batteries. Among the different
types of batteries, Lieion batteries (LIBs) stand out due to their use
inmobile phones. LIBs are preferred, once they are environmentally
acceptable and efﬁcient (i.e., having higher energy density, long
cycle life, low selfedischarge rate and safety in handling) [1]. There
are two types of LIBs, primary and secondary. Primary batteries useaboratory (LAPAM), Chemical
Maria e UFSM, UFSM, 1000,
).metallic lithium, while secondary batteries are rechargeable and do
not contain metallic lithium [2].
The structure of secondary LIBs is composed of a cathode, an
anode, an organic electrolyte and a separator. The cathode is an
aluminum plate coated with a mixture of cathodic active material,
adhesives and additives. The anode consists of a copper plate
coated with a mixture of graphite, adhesives and additives [2]. The
composition varies slightly depending on the manufacturer [3].
LIBs have the following operating principle: the energy is stored
by the movement of lithium ions from the cathode to the anode
(charging) or vice versa (discharge process) according to the overall
reaction in Eq. (1) [4]:
LiCoO2 þ 6C4 Li(1x)CoO2 þ C6Lix (1)
Fig. 1. Flow chart of the operations used in the mechanical processing.
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LiCoO2. This material offers signiﬁcant advantages regarding to
synthesis, high working potential and excellent cycle ability at
room temperature. In spite of this, alternatives have been devel-
oped to decrease costs and improve the stability [5,6]. The issue of
the toxicity and cost of LiCoO2 has been solved by opting for
alternative transition metal oxide cathodes, such as, LiNiO2 and
LiMnO2. LiNiO2 is cheaper and has a higher energy density, but is
less stable and less ordered as compared to LiCoO2 [5,6]. On the
other hand, LiMnO2 has obtained results with considerable success
as a viable metal oxide cathode [5].
Currently, the recycling of LIBs presents different processes and
technologies proposed in the literature. These methods are based
on physical and chemical processes. Among the physical processes,
the highlighted are mechanical separation and thermal treatments.
Regarding to the chemical processes acid leaching, bioleaching,
solvent extraction, chemical precipitation and electrochemical
treatments stand out [4]. Generally, better results are found by a
combination of physical and chemical processes.
The mechanical separation processes are usually employed as a
preetreatment to promote the removal of the external casing, and
to release and concentrate the metallic fraction, which will be sent
to a hydrometallurgical or a pyrometallurgical process [7e11]. The
operations normally used in mechanical separation are: magnetic
and electrostatic separation, crushing, gravity separation, grinding,
sieving, vibrating screen, pneumatic separation, air separation in
zigzag classiﬁer and ﬂotation [3,10e14]. However, there is no in-
formation on the application of spouted bed elutriation in battery
recycling.
This work focused on the separation of the different materials
present in the LIBs, and was performed in two steps. In the ﬁrst
step, batteries of different brands and models were characterized
regarding to the quantity of each material and its chemical
composition. The second step comprised the application of me-
chanical methods (grinding, sieving and elutriation) to separate the
different materials that compose LIBs. The spouted bed elutriation
was used as a simple and cheap alternative for the separation of the
different materials present in this kind of waste.
2. Materials and methods
2.1. LIBs characterization
Three different brands of batteries were used to quantify the
materials present in the LIBs. The batteries were manually opened
using tools, such as, pliers and scissors, and the different compo-
nents were separated, classiﬁed and individually weighed (Shi-
madzu, AY 220). After the manual opening, batteries were weighed
again and placed in an oven at 60 C, until reach constant mass.
The characterization of the materials adhered onto the anode
and cathode surfaces was performed by Xeray diffraction (Riga-
kueMiniﬂex 300). The metals present in the batteries were iden-
tiﬁed by scanning electron microscopy (SEM), coupled with Xeray
dispersive spectroscopy (EDS) (Philips, XLe30 FEG).
2.2. Mechanical processing
Fig. 1 shows the sequence of operations used in the mechanical
processing and separation of the LIBs.
2.2.1. Grinding and sieving
The batteries were comminuted in a hammer mill (Tiger A4)
with aperture of 10 mm. Then, the separationwas carried out using
a sieve with opening of 0.211 mm, and a sieve shaker (1st size
separation in Fig. 1). Thus, the separation of metallic and polymericfractions from the powder fraction constituted of LiCoO2 and
graphite occurred.
2.2.2. Spouted bed elutriation
Fig. 2 shows the scheme of the spouted bed elutriation used in
the experiments. The equipment consists of a cylindrical acrylic
column, with a stainless steel conical base, and a Lapple cyclone
coupled to the bed output. The bed dimensions are shown in
Table 1.
The metallic and polymeric fractions (constituted by the
external casing, copper, aluminum and polymers) and some pow-
ders that remained adhered to these fractions were fed in the
spouted bed to perform the elutriation. The air ﬂow was supplied
by a radial blower (Artec, Model ACR 7.5) with 7.5 HP andmaximum
ﬂow of 6.2 m3 min1. Air ﬂow regulation was done by a potenti-
ometer. The air velocity was measured by a thermoeanemometer
propeller (Instruterm, CASe500) with measurement range from
0 to 30 m s1 and accuracy of 0.1 m s1.
In the ﬁrst elutriation stage (1st elutriation in Fig. 1), the drag of
the polymer fraction, together with the smaller diameter particles
of the aluminum and copper fraction (Cu/Al) and a small quantity of
powder (LiCoO2 and graphite), which was adhered to the surface of
different particles, was carried out. In order to separate these
fractions, it was necessary to perform a new sieving operation in a
sieve shaker (2nd size separation in Fig. 1).
The remaining material in the bed underwent a second elutri-
ation stage (2nd elutriation in Fig. 1) to withdraw the second
fraction of Cu/Al particles of larger diameters. The obtained mate-
rial was also sent to the sieving step with a sieve shaker (2nd size
separation in Fig. 1), where it was possible to purify the Cu/Al
fraction, and obtain two others fractions: a polymeric fraction and a
fraction of mixed materials that should go back to the grinding step
and then return to the process.
The last fraction, consisting basically of the LIBs external casing,
was separated by increasing the air velocity in the bed inlet (Vf),
until the last particle was dragged (3rd elutriation in Fig. 1). The air
velocities (Vf) used in the bed inlet were from 1 m s1 to 21 m s1.
All experiments were performed in triplicate (n ¼ 3), and only the
mean values were reported.
2.3. Characterization of the materials after separation
The materials separated after the sieving and elutriation steps
were characterized to determine the physical and morphological
Fig. 2. Mounting scheme the spouted bed used in the elutriation.
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and Stokes (dst) diameters of the metallic and polymeric particles
were obtained using a sieve shaker (Bertel). The speciﬁc mass of the
particles was obtained using a digital Helium pycnometer (Micro-
meriticseAccupyc 1330).
The sphericity determination was performed from the particle
diameters (minimum (rmin), medium (rmean) and maximum (rmax)),
by Image Pro Plus 7.0 software. Images of the different separated
fractions (polymers, external casing, Cu/Al) were obtained using a
Galai MacroeViewer illuminating table and a Sony XCe75 video
camera. The particle sphericity f was determined by shape factor,
(Sf) and describes its threeedimensional variation (a particle is
more spherical when the Sf value is closer to 0) [15]. The calculation
of particle shape factor was made by the Eqs. (2e5) [16e18]:
rmean ¼
Pn
i¼1 ri
n
(2)
rrms$d ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðrmax  rmeanÞ2 þ ðrmin  rmeanÞ2
2
s
(3)
Sf ¼
rrms$d
rmean
(4)
f ¼ 1 Sf (5)
where, rmean is the mean diameter (m), rrms·d is the of root mean
square (RMS) deviation (m), rmin is the minimum diameter (m),
rmax is the maximum diameter (m). The diameters (rmean, rmin, rmax)
were determined by analyzing the images obtained with an optical
microscope with the Image Pro Plus 7.0. software. This methodol-
ogy was used for metal and powder particles.Table 1
Characteristic dimensions of the spouted bed apparatus.
Characteristics Dimensions (cm)
Column diameter 17.0
Height of bed 54.0
Cone bottom diameter 0.2
Height of lower cone 14.0
Diameter of upper cone 7.0
Height of upper cone 7.0
Diameter of cyclone cylindrical section 15.0
Height of cyclone 27.0The polymers sphericity was determined by the Mohsenin
methodology [19], considering that the particles had a more planar
shape, as presented in Eq. (6):
f ¼ ðlwdÞ
1=3
l
(6)
where, l, w and d are respectively, the length, width and thickness
(m) of the material, and (lwd)1/3 is the particle geometrical
deviation.
To ﬁnd the terminal velocity (ut), two dimensionless quantities
were deﬁned. A dimensionless terminal velocity (u*) (Eq. (7)) and a
dimensionless particle diameter d* (Eq. (8)) as follows [18]:
u* ¼ ut
2
4 r2f
gu

rs  rf

3
5
1
3
(7)
d* ¼ dsph
2
4grf

rs  rf

m2
3
5
1
3
(8)
where, ut is the terminal velocity (m s1), dsph is the equivalent
spherical diameter (m), rf is the ﬂuid speciﬁc mass (kg m3), rp is
the particle speciﬁc mass (kg m3), g is the gravity acceleration
(m s2) and m the viscosity (kg m1 s1).
The correlation to predict the terminal velocities for isometric
particles, given the information on the particles and physical
properties of the ﬂuid, may be approximated by Eq. (9) [20]:
u* ¼
"
18
d2*
þ ð2:3348 1:74394Þ
d0:5*
#1
0:5  f  1 (9)3. Results and discussion
3.1. LIBs characterization
3.1.1. Manual opening characterization
The batteries used in this work presented a prismatic form and
were composed of an external casing with negative and positive
electrodes and also the separators. The electrodes were comprised
of a metallic leaf coated with the active materials (LiCoO2 and
Table 2
Percentage of the different materials that composes the LIB's.
Material Battery 1 Battery 2 Battery 3
Massa (g) Wt% Massa (g) Wt% Massa (g) Wt%
External case 2.60 ± 0.10 15.93 2.40 ± 0.10 14.23 3.21 ± 0.10 16.60
Copper 1.30 ± 0.10 7.97 1.20 ± 0.10 7.11 1.20 ± 0.1 6.20
Graphite 3.40 ± 0.10 20.83 3.00 ± 0.10 17.78 4.30 ± 0.20 22.23
Aluminum 1.50 ± 0.10 9.19 1.50 ± 0.10 8.89 0.74 ± 0.10 3.83
LiCoO2 4.10 ± 0.20 25.12 4.90 ± 0.20 29.05 5.35 ± 0.20 27.66
Polymers 1.90 ± 0.10 11.64 2.05 ± 0.10 12.15 2.22 ± 0.10 11.48
Electrolyte 1.52 ± 0.10 9.31 1.82 ± 0.10 10.79 2.32 ± 0.10 12.00
a Mean ± standard error (n ¼ 3).
Fig. 3. EDS spectrum of the external case.
Fig. 5. EDS spectrum of the graphite metallic support.
Fig. 6. SEM images of the electrode materials of spent LIB's.
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manually separated and classiﬁed as: external casing, Cu, Al,
LiCoO2, polymers, graphite and electrolytes. The results (in weight
basis) regarding of the batteries characterization are show in
Table 2. Table 2 shows that LiCoO2 was the main component of the
batteries, with about 30 wt% of the total mass, and that graphite
constituted about 20 wt% of the total mass was [14].Graphite
Battery 13.1.2. SEM, EDS and XRD
The SEM and EDS of the different materials were performed
after the manual separation. According to the energy dispersive
spectroscopy (EDS) analysis showed in Fig. 3, the external casing is
basically made up of aluminum [10]. The remaining components
are possibly associated with some surface contamination because
the external casing suffered no pretreatment.
Figs. 4 and 5 show, respectively, the chemical composition of the
LiCoO2 and the graphite supports. Figs. 4 and 5 conﬁrm that the
LiCoO2 support is mainly constituted by Al, and that the graphite
support is mainly constituted by Cu [10].Fig. 4. EDS spectrum of the LiCoO2 metallic support.Fig. 6 shows the SEM images of LiCoO2 and graphite particles.
Two distinct particle groups can be seen in Fig. 6. The larger par-
ticles can be attributed to graphite and the smaller particles can be
attributed to LiCoO2 [22].0 20 40 60 80 100
Battery 3
Battery 2
 2 Theta (°)
Fig. 7. XRD patterns of the battery anode.
0 20 40 60 80 100
LiCoO2
2 theta (°) 
Battery 3
Battery 2
Battery 1
Fig. 8. XRD patterns of the battery cathode.
Li-Ion Batteries
Hammer Mill
1st Size Separation
Elutriation
2nd Size Separation
1st
Cu + Al
139.7 g
(17.2 wt%)
Polymers
49.3 g
(6.1 wt%) 2nd 3rd
Metallic Case 
(Al)
128.7 g
(15.8 wt%)
Powder
347.5 g
(42.7 wt%)
Mixture
18,67 g (2,3 wt%)
Different fractions
Losses
102.7 g 
(12.6 Wt%)
(100 Wt%)813.5 g
710.8 g
380.1 g (46.7 Wt%)
330.7 g
114.2 g 142.1 g102 g
16.8 g
Fig. 9. Final mass balance of LIB's mechanical processing.
D.A. Bertuol et al. / Journal of Power Sources 275 (2015) 627e632 631For all batteries, the XRD patterns were similar. The results
conﬁrmed that the anodic material is graphite, while the cathodic
material is LiCoO2 (Figs. 7 and 8).
3.2. Mechanical processing and separation
Fig. 9 shows the ﬁnal mass balance of mechanical processing
and separation of LIBs. The mechanical processing was performed
with 40 batteries, which represents an initial mass of 813.5 g. TheseFig. 10. Optical images of the particulate materialbatteries were ground in a hammer mill for the mechanical size
reduction. After this operation, the mass was reduced to 710.8 g,
representing a loss of 12.6 wt% in relation to the initial mass. Since
that, the electrolytes represent about 10 wt% of the total mass (as
presented in Table 2) and were volatilized in the process [4], the
losses in this step, discounting the volatilized electrolytes, were
only 2.6 wt%. This loss of 2.6 wt% is associated with the material
retained in the mill during milling.
After the grinding step, the material was sieved in order to
separate the powder fraction from the other materials. This step
provided 330.7 g of powder (LiCoO2 and graphite) and 380.1 g of
the other materials (external casing, Al, Cu, polymers and adhered
waste powder).
The above-mentioned 380.1 g were submitted to spouted bed
elutriation (Fig. 2). In the spouted bed elutriation, the materials
were exposed to different air velocities, and consequently, the
fractions were separated by speciﬁc mass and particle size differ-
ences. The ﬁrst fraction (polymers, Cu and Al with smaller di-
ameters) was dragged at air velocities of about 10.2e10.5m s1, and
then separated by sieving. This fractionwas composed by 38.46 g of
polymers (diameter larger than 6.7 mm), 57.9 g of Cu plus Al
(diameter larger than 0.6 mm and smaller than 6.7 mm) and 17.84 g
of powder (diameter smaller than 0.211 mm), totalizing 114.2 g of
material.
Afterward, with the material remaining in the bed, the second
fraction (Cu and Al with higher diameters plus a metal/polymers
mixture) was dragged at air velocities of 10.6e13.0 m s1, and then
separated by sieving. This fraction was composed of 18.67 g of a
metal and polymers mixture with diameter larger than 6.7 mm;
0.545 g of polymers, with diameter between 6.7 and 4.75 mm; and
82.78 g of Cu and Al with diameter smaller than 4.75mm, totalizing
102 g of material.
Finally, with the last material remaining in the bed, the third
fraction with 142.1 g of aluminum external casing was dragged at
air velocities of 13.0e20.7 m s1. In the steps of elutriation and
sieving, the losses were 3.3 wt% in relation to the initial mass. This
loss is associated with the material that was retained in the
equipments.3.3. Characterization of the fractions obtained after the mechanical
processing
Fig. 10 shows the images (obtained using an optical microscope)
of the three different fractions obtained in the mechanical pro-
cessing. These different fractions were characterized and the results
are shown in Tables 3 and 4.
The experimental inlet air velocities (Vf) were compared with
the theoretical terminal velocities of the isolated particles (ut). For
this purpose Eqs. (7e9) were employed and the Stokes diameter
(dst) was considered. The Vf and ut values for each particle ares obtained after the spouted bed elutriation.
Table 3
Speciﬁc mass and diameters for the different fractions.
Material r(g/cm3) dv (mm) ds(mm) dsv (mm) dSt (mm)
1st polymers fraction 1.66 5.84 5.43 6.75 6.05
1st Cu/Al fraction 3.15 1.64 1.44 2.11 1.74
2nd Cu/Al fraction 3.11 2.49 2.27 3.01 2.61
3rd aluminum fraction 2.92 4.46 4.29 4.82 4.55
Table 4
Sphericity of the different fractions.
Material rmin(mm) rmax (mm) rmean (mm) Sf() f
1st polymers fraction 7.40 ± 3.80 19.90 ± 9.90 16.60 ± 7.50 e 0.14
1st Cu/Al fraction 1.50 ± 0.80 4.00 ± 3.50 2.60 ± 1.30 0.46 0.54
2nd Cu/Al fraction 2.70 ± 1.10 6.60 ± 2.80 4.70 ± 1.40 0.51 0.59
3rd aluminum fraction 4.60 ± 1.30 9.40 ± 6.10 6.60 ± 2.00 0.36 0.64
Table 5
Comparison between the inlet air velocities and terminal velocities.
Material type ut (m/s) Vf (m/s)
1st fraction A (Polymers) 4.54 10.20e10.50
1st fraction B (Cu þ Al) 4.78 10.20e10.50
2nd fraction (Cu þ Al) 6.25 10.60e13.00
3rd fraction (Aluminum) 8.61 13.10e20.70
Fig. 11. Scheme of a conventional spouted bed operating in stable condition.
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fraction (polymers, Cu and Al with smaller diameters) was dragged
at lower Vf values, since the ut was lower. When Vf was increased,
the second and third fractions were successively separated, due to
its different ut values. It was found in Table 5, that Vf > ut. This
behavior can be explained on the basis of the ﬂuid dynamic
behavior of the spouted bed.
Spouted beds are roughly divided into three different regions,
each with its own speciﬁc ﬂow behavior: the annulus, the spout
and the fountain, as shown in Fig. 11 [20]. Particles are carried up by
gas in the spout, reach the top of the bed and form a fountain and
then drop down due to gravity, and move downward though the
annulus. Thus, the motion of the particles in the spout, annulus and
fountain zones forms a circulation of particles in the bed [23].
Shuyan et al. [24], Olazar et al. [25] and Bettega et al. [23], studied
the velocity proﬁles of the particles in the spout region. They
veriﬁed that the vertical component of the particle velocity in the
spout reaches a maximum value near the bottom at a radial posi-
tion r ¼ 0. However, the velocity decreases, when the particles
move in the axial direction. Thus, it can be afﬁrmed that a higher Vf
is required in relation to ut, in order to compensate the energy
losses that occurs during the particle movement in the axial di-
rection. Finally, it was veriﬁed that the separation of the different
components of the batteries can be successfully performed by
spouted bed elutriation.
4. Conclusion
The mechanical processing was efﬁcient to separate the
different materials that compose the LIBs (electrode active mate-
rials, polymers, Cu and Al). From the mechanical processing, it was
possible to separate the materials as: 17.2 wt% of Cu/Al, 15.8 wt% of
Al (external casing); 42.7 wt% of LiCoO2 and graphite, 6.1 wt% of
polymers and 2.3 wt% of a mixture that can be reprocessed.
Using mechanical processing operations (grinding and sieving)
and spouted bed elutriation, fractions that can be used by therecycling industries or directly commercialized in the market, were
obtained. It was found that the spouted bed elutriation can be
successfully employed as a viable and easy alternative to separate
the materials that compose the spent LIBs.Acknowledgments
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